Vertebrates must be prepared to defend themselves against two distinct types of 'insult' . In the first type of insult, rapidly replicating microorganisms, such as bacteria, viruses, protozoa and fungi, have the potential to overcome host defences by their sheer numbers. In this situation, an antimicrobial type 1 immune response, which is characterized by the T helper 1 (T H 1) cell-associated cytokines interferon-γ and interleukin-12 (IL-12), is invoked; however, this carries the risk of initiating harmful pro-inflammatory responses that could lead to collateral tissue damage. In the second type of insult, the protective barriers of the body are breached by physical trauma. This is the type of insult that occurs when helminths and other metazoan parasites enter, exit or migrate through their host. As these pathogens do not complete their life cycle in the host, the danger of rapid expansion and dissemination is absent. In this context, a type 1 immune response would be either too self-damaging or ineffective, and therefore a distinct type 2 immune response dominates
. Animal models have shown that type 2 immunity is essential for helminth control; however, the selection pressures that led to the evolution of the highly complex adaptive type 2 immune response are not yet fully understood and are still being debated [1] [2] [3] .
Metazoan parasites can seriously compromise host fitness, as shown by the direct effects of parasites on host fecundity 4 , energy consumption 5 and the reduced ability of some infected mammals to survive the winter 6 . In humans, helminths not only cause overt morbidity but they also contribute to anaemia and impaired physical and cognitive development, which can result in poor school or work performance 7 . These fitness effects represent a powerful selection pressure for genes, which minimizes the consequences of macroparasite infection. This protection can occur either through resistance mechanisms that reduce parasite numbers or through tolerance mechanisms that reduce damage to the host without directly affecting parasite numbers 8 . Recent literature has shown that there is a close association between type 2 immunity and many aspects of wound repair [9] [10] [11] [12] . As wound repair alleviates the injury that is caused by the infection, rather than directly affecting the pathogen, it is considered to be a tolerance mechanism 13 . Helminths cause considerable tissue damage and, thus, their association with wound repair may not be surprising. However, building on previous hypotheses 1, 14 , we propose that, in the course of evolution, the adaptive type 2 immune response evolved to direct the wound-healing machinery not only to repair and reconstruct tissue (tolerance) but also to mediate the containment, destruction and expulsion of helminths (resistance); for example, collagen production is involved in both parasite encapsulation and tissue reconstruction, whereas mucus production -a response to injury -promotes the efficient expulsion of worms from the gut. Thus, under the umbrella of type 2 immunity, both wound repair and antiworm effector pathways have evolved in tandem to mediate host protective responses to helminths. This is in contrast with microbial infection, in which host resistance mechanisms that are mediated by T H 1 and T H 17 cells are inflammatory and can antagonize many wound repair pathways 15 ; microbial infection therefore shows the more typical trade-off between resistance and tolerance 8 . Although type 2 immunity might include responses to a broad range of insults, we propose that it is the ability of helminth parasites to compromise host fitness that is likely to have driven the evolution of the adaptive T H 2 cell response in order to both control parasite numbers and to rapidly repair the damage the parasites inflict as they migrate through host tissues. Many aspects of type 2 immunity, from cold adaptation 16 to wound repair, suggest that the innate and adaptive type 2 immune responses are primarily focused on maintaining or restoring tissue integrity and homeostasis. Nonetheless, parasite numbers must also be reduced if the worm burden compromises host fitness. Importantly, this does not mean that type 2 immune responses must promote sterile immunity, as low numbers of some helminth species might provide host benefits 17, 18 . In evolutionary terms, the adaptive immune response, including T cell immunity, evolved to focus effector responses on specific antigens. Thus, T H 2 cells provide antigen specificity and memory to innate pathways that can rapidly repair parasiteinduced damage, promoting host tolerance. Much of the same machinery contributes to worm killing and expulsion, promoting host resistance. The hypothesis that T H 2 cells evolved to direct the innate wound repair machinery does not require innate and/or adaptive type 2 immune responses to be involved in all aspects of repair, nor does it Abstract | Helminth-induced type 2 immune responses, which are characterized by the T helper 2 cell-associated cytokines interleukin-4 (IL-4) and IL-13, mediate host protection through enhanced tissue repair, the control of inflammation and worm expulsion. In this Opinion article, we consider type 2 immunity in the context of helminth-mediated tissue damage. We examine the relationship between the control of helminth infection and the mechanisms of wound repair, and we provide a new understanding of the adaptive type 2 immune response and its contribution to both host tolerance and resistance.
exclude the possibility that wound repair activity is involved in a type 1 immune response. Indeed, transforming growth factor-β1 (TGFβ1) that is produced during both type 1 and type 2 immune responses is an important mediator of fibroblast activation and tissue repair 19 . Nonetheless, discovering the specific links between type 2 cytokines and wound effector molecules might provide exciting new insights for both helminth immunity and fundamental wound repair pathways.
In this Opinion article, we describe the close relationship that anti-helminth effector immune responses have with wound repair pathways. We explain how the anti-inflammatory activity of the helminth-induced type 2 immune response is directly connected to wound healing and to the attenuation of autoimmune and allergic diseases. We also highlight the damaging consequences of overzealous type 2-mediated wound healing, which has probably contributed to the evolution of the regulatory networks needed to control type 2 immunity.
Injury and type 2 immunity
The signals that induce type 1 immune responses include pathogen-associated molecular patterns (PAMPs), which communicate the presence of a microbial insult to the immune system 20 . The signals that induce type 2 immunity are fundamentally different and are not as well understood. We propose that tissue damage, in the absence of PAMPs that promote a type 1 immune response, is a potent mechanism that drives type 2 immunity, particularly in the context of helminth infection.
Epithelial alarmins elicit type 2 immunity.
Although helminth molecules with direct T H 2 cell-inducing capacity might exist 17, 21 , the large size of the parasite and the consequent tissue damage that it causes during invasion might be the most important factor in the initiation of a type 2 immune response. This idea is supported by studies showing that helminth invasion, and the associated tissue damage, induces the release of several epithelium-derived cytokine alarmins that can initiate type 2 immunity [22] [23] [24] . One of the first such alarmins that was shown to have an important role in helminth-induced type 2 immunity was thymic stromal lymphopoietin (TSLP) 25 ; it was suggested in a recent study that TSLP directs type 2 immunity partly by eliciting a population of functionally distinct IL-4-producing basophils 26 . TSLP also promotes type 2 immunity by actively suppressing the production of IL-12 by dendritic cells 27 . The role of TSLP in eliciting type 2 immunity varies in different helminth infections because some parasites bypass the need for TSLP by directly suppressing IL-12 expression 27 . In these cases, the type 2 immune response might be a default response or it might rely on other alarmins.
IL-33 is a cytokine alarmin that is released from the nucleus of necrotic epithelial cells, endothelial cells and fibroblasts. The IL-33 receptor complex -interleukin-1 receptorlike 1 (IL-1RL1; also known as ST2)-IL-1R accessory protein (IL-1RAP) -has also been shown to initiate type 2 responses following helminth infection 28, 29 . A similar type 2-inducing role has been identified for the IL-17 family cytokine IL-25 (also known as IL-17E) 30, 31 . Thus, multiple cytokine alarmins that are released by epithelial cells and other cells are involved in the initiation of protective type 2 immune responses during macroparasite infection; the relative importance of each mediator is probably dictated by the pathogen and by its mode of entry into the host.
Mechanisms that mimic helminth invasion.
Recent studies have shown that type 2 immunity is activated by large inert particulate structures that can cause direct cell and tissue damage. In particular, inert silica 32 and titanium microparticles 33 induce innate type 2 immune responses and have been successfully used as adjuvants to promote antigen-specific T H 2 cell responses through pathways that are independent of Toll-like receptor 4 (TLR4) and the signalling adaptor molecule myeloid differentiation primary-response protein 88 (MYD88) 33 . One explanation for why these relatively large particulate structures induce type 2 immunity is that they share essential features with helminths. They are both large structures that might induce cell and tissue damage in the absence of type 1-inducing PAMPs; for example, ingested microparticles might induce cellular damage in phagocytes through the release of lysosomal enzymes following lysosome rupture and, consequently, this might activate endogenous danger signals that mediate tissue damage 32 . In addition, the T H 2-inducing adjuvant aluminium hydroxide (alum) might induce the release of the damage-associated molecular pattern (DAMP) uric acid 34 . Uric acid crystals that are released from damaged tissues drive type 2 immunity through inflammasome-independent pathways 32, 34 . Furthermore, extracellular ATP, which is presumably released by damaged cells, binds to P2 purinergic receptors that induce the release of IL-33 in the lungs 35 , resulting in the generation of type 2 immunity. Thus, in this case, the ATP released from damaged tissues functions as a DAMP to induce the secretion of cytokine alarmins that, in turn, stimulate a type 2 immune response. Importantly, no single cellular DAMP has yet been shown to be essential for the development of helminth-induced responses, which suggests that a range of redundant pathways are involved in sensing helminthinduced danger. Indeed, multiple causes of tissue damage, including helminth-derived proteases and insect venoms, might contribute to the activation of type 2 immune responses
.
Strong support for the importance of injury alone in the induction of type 2 immunity comes from the evidence that innocuous antigens, when exposed to the immune system in the context of experimentally induced cutaneous tissue damage, can stimulate potent type 2 immune responses 36 . Therefore, injury and type 2 immunity are closely linked. The capacity of helminths to induce injury
Box 1 | Type 1 versus type 2 immunity
The body must rapidly assess the nature of any threat, mobilize the appropriate machinery to deal with it and, in the case of infectious agents, activate the relevant adaptive branch of the immune system if the innate immune responses prove insufficient.
The mammalian immune response to rapidly replicating invaders is termed type 1 immunity and involves a vast array of antimicrobial effectors that have a central role in the activation of phagocytic cells, such as macrophages and neutrophils. The antimicrobial function of these innate immune cells is directed and enhanced through cytokines that are produced by T helper 1 (T H 1) and T H 17 cells of the adaptive immune system. An unwanted side effect of type 1 immunity is that the induction of highly toxic antimicrobial products often has damaging consequences for the host tissue.
Type 2 immunity encompasses the host response to helminth infections and involves an ever-expanding group of innate immune cells, such as basophils, eosinophils, mast cells, M2 macrophages (also known as alternatively activated macrophages) and group 2 innate lymphoid cells 45, 88 , with T H 2 cells functioning as the central mediators of the adaptive immune response.
might explain an ancient association of metazoan parasites with the type 2 response, leading to the evolution of an adaptive type 2 immune response that protects against the consequences of helminth infection.
Mechanisms that amplify type 2 immunity.
The data above show that tissue stress and damage, in the absence of strong TLR signalling, rapidly stimulates type 2 immunity. The combination of tissue stress and damage might be one mechanism by which the host recognizes helminth invasion and responds with an appropriate protective response. The anti-helminth response is further enhanced and polarized by the addition of individual helminth excretorysecretory products that condition dendritic cells to suppress TLR signals and the associated protein machinery that is required to prime T H 1 cells [37] [38] [39] . This potent combination might be essential to induce the highly polarized and potent adaptive type 2 immune response that develops following helminth infection.
The cytokine alarmins are important for inducing the recruitment of group 2 innate lymphoid cells (ILC2s), which secrete large quantities of IL-5 and IL-13 , that might then activate anti-parasite effector responses 43, 44 . ILC2s, along with multipotent progenitor type 2 cells 22 , eosinophils, mast cells and basophils, are rapidly recruited to the site of infection and function as important innate sources of IL-4, IL-5 and IL-13. Eosinophils and basophils in particular are important producers of IL-4, which further amplifies and regulates both the innate and adaptive branches of type 2 immunity 45, 46 .
Helminths promote wound repair
Almost all the cell types that are associated with immunity to helminth infections are also implicated in wound healing. These include T cells, eosinophils, M2 macrophages (also known as alternatively activated macrophages) and ILC2s (FIG. 1 46 . The differentiation of M2 macrophages is mostly dependent on the T H 2 cytokines IL-4 and IL-13. M2 macrophages characteristically produce resistin-like molecule-α (RELMα), vascular endothelial growth factor (VEGF), arginase 1, YM1, insulin-like growth factor 1 (IGF1), MMPs, triggering receptor expressed on myeloid cells 2 (TREM2), TGFβ and growth factors such as plateletderived growth factor (PDGF), all of which are closely associated with all stages of the wound-healing response 47 . Increases in the levels of these mediators have also been observed during helminth infection 1, 48, 49 , which suggests that they might contribute to the control of parasite-induced tissue damage.
ILC2s also produce multiple proteins that are associated with wound healing, including the epidermal growth factor receptor ligand amphiregulin 10 . Indeed, depletion of ILC2s compromises lung epithelial barrier integrity, and barrier function is restored when amphiregulin is administered 10 .
Memory responses augment type 2 immunity.
Effector memory T cells (which rapidly secrete cytokines at high levels) and the production of IgE and IgG by B cells can increase resistance to many helminths [50] [51] [52] . Shortly after infection, many of these parasites migrate through tissues, such as the lungs, where they are actively targeted by immune cells, before they enter the lumen of the small intestines 53 . Fcε receptors expressed by mast cells bind to parasitespecific IgE, and the subsequent crosslinking of bound IgE by helminth antigens induces degranulation and the release of mediators from mast cells that, in some cases, contribute to parasite expulsion, as has been suggested by the immune response to Trichinella spiralis 54 . The IgE-mediated rapid degranulation of mast cells might also be important in the defence against other macroparasites such as ticks, as localized tissue oedema that is mediated by the molecules released during degranulation might impede parasite invasion 55, 56 . Amphiregulin is also produced by mast cells following signalling from the high-affinity Fc receptor for IgE (FcεR1) 57 ; this highlights a potential link between the IgE-mediated memory response and wound repair. Thus, a very rapid and sometimes complex immune response is needed to induce expulsion or killing and simultaneously to repair the damage caused by these large macroparasites.
Control of helminth-induced tissue damage.
Effective wound repair requires both the direct reconstruction of the injured tissue and the suppression of pro-inflammatory responses 15 . Recent studies have shown that the type 2 immune response has a direct role in wound healing through the production of mediators that directly enhance the tissue repair process and through the control of inflammation. In the experimental model of schistosomiasis, the adaptive type 2 immune response protects the host during infection by inducing granulomas that sequester the tissue-damaging toxins that are released by parasite eggs. If the CD4 + T H 2 cell response is impaired, infected animals develop defective granulomas and quickly succumb to the infection because they develop uncontrolled type 1 and type 17 inflammatory responses in the liver and intestines 58, 59 . The specific blockade of T H 2-induced arginase 1 in mice that are severely infected with Schistosoma mansoni caused increased eggassociated intestinal tissue damage, haemorrhaging, and disruption and leakage of the mucosal barrier, all of which were dependent on signalling through IL-12 receptor
Box 2 | Insults and injuries that induce type 2 immune responses
The stimuli that induce type 2 immune responses are numerous and diverse. They are generally most effective in the absence of a strong interleukin-12 (IL-12) response, which is often induced by potent Toll-like receptor (TLR) signalling. Some helminth-derived factors directly inhibit IL-12 and/ or IL-17 production. At the same time, low level TLR signalling can promote a type 2 immune response. It should also be noted that helminths often induce more potent type 2 responses than other stimuli. The stimuli can be divided into several basic categories, which are described below with representative examples.
• Active molecules -in particular, enzymes -that mediate tissue damage; for example, venoms, parasite-derived proteases, non-parasite-derived proteases (such as pollen) and the saliva of biting arthropods.
• Inactive factors that may still cause tissue damage; for example, small particles such as silica 32 and titanium 33 When helminth parasites infect their mammalian host, epithelial and endothelial barriers are damaged, which induces a wound repair and an anti-parasite immune response that is driven by the type 2 cytokines interleukin-4 (IL-4), IL-5 and IL-13. This figure is not meant to imply that all of these pathways, cell types and cytokines are crucial to the development of immunity against every helminth parasite; rather, it simply illustrates the many different innate and adaptive mechanisms that have been shown to participate in type 2 immunity, and each parasite is often affected by different components. Dendritic cells (DCs) are the only antigenpresenting cell type that has been shown to be indispensable for the initiation of CD4 + T helper 2 (T H 2) cell responses; indeed, basophils, natural killer T (NKT) cells, eosinophils and group 2 innate lymphoid cells (ILC2s) function as accessory cells by producing the key T H 2-regulating cytokine IL-4. B cells also participate in secondary type 2 responses by producing parasite-specific IgE, which, following engagement of the high-affinity Fc receptor for IgE (FcεR), can augment the production of IL-4 by basophils and mast cells. Epithelial cells might also help to guide type 2 responses by producing the alarmins thymic stromal lymphopoietin (TSLP), IL-25 and IL-33. TSLP regulates type 2 immunity by suppressing DC-derived IL-12 production, whereas IL-25 and IL-33 primarily target ILC2s, which secrete large quantities of IL-5 and IL-13.
Type 2 cytokines in turn target epithelial cells, goblet cells, smooth muscle cells and macrophages, which together coordinate parasite expulsion by increasing fluid and mucus production, encapsulation and barrier formation, epithelial cell turnover, smooth muscle contraction and the production of anti-parasite effector molecules such as resistin-like molecule-β (RELMβ). In addition to activating several anti-parasite effector mechanisms, the type 2 immune response facilitates wound repair, which is important following infection by these large multicellular tissue-invasive organisms. M2 macrophages (also known as alternatively activated macrophages) are intimately involved in this process as they produce matrix metalloproteinases (MMPs), arginase 1 (ARG1), insulin-like growth factor 1 (IGF1), vascular endothelial growth factor (VEGF) and transforming growth factor-β (TGFβ), which together promote myofibroblast activation, angiogenesis, epithelial cell turnover and extracellular matrix (ECM) deposition. The helminth-induced type 2 immune response also promotes effective wound healing by suppressing the pro-inflammatory axis that is mediated by M1 macrophages and T H 1 and T H 17 cells, which could further exacerbate tissue injury if not quickly controlled. M2 macrophages and IL-10-producing T H 2 cells have been shown to have important roles in the suppression of this pro-inflammatory axis and can also control potentially harmful type 2 immune responses. ROS, reactive oxygen species; TNF, tumour necrosis factor. subunit β1 (IL-12RB1; which is a receptor subunit shared by the cytokines IL-12p40 and IL-23) 11 . Thus, in this system, arginase 1 production controls the harmful inflammation that is associated with a type 1 immune response, which consequently contributes to tissue repair and to the maintenance of the mucosal barrier.
In another example, infection with the nematode parasite Nippostrongylus brasiliensis induces acute pulmonary haemorrhaging as parasites traffic through the lungs towards to the intestines 60, 61 . This damage is caused by both physical trauma and by IL-17-driven neutrophil inflammation 9 . The type 2 immune response, which emerges shortly afterwards, reduces the haemorrhaging and the inflammation through multiple IL-4Rα-dependent mechanisms 9 . In particular, macrophages that have been stimulated through IL-4Rα express IGF1 (REFS 9,62), which has been associated with tissue regeneration, collagen synthesis and fibroblast activation [63] [64] [65] . IGF1 has been shown to be essential for the enhanced acute woundhealing response during parasite migration through the lungs 9 , which indicates that the helminth-induced type 2 immune response can directly enhance wound healing.
A role for IL-10 and regulatory macrophages. In the N. brasiliensis lung infection model, M2 macrophages engulf and remove damaged red blood cells 9 ; this is consistent with other studies that have implicated M2 macrophages in the phagocytosis and clearance of neutrophils 48, 66 . Although recent in vitro studies have suggested that M2 macrophages might have impaired phagocytosis 67 , in vivo studies in N. brasiliensis 9 suggest that M2 macrophages retain efferocytosis properties, which is a process that is crucial for resolving inflammation and, thus, it is an important aspect of the wound-healing response.
Some studies have suggested that IL-10-secreting macrophages also have an important protective role in the immune response to helminths by suppressing inflammation [68] [69] [70] . However, more recent studies of N. brasiliensis infection have shown that IL-10 is primarily produced by CD4 + T cells rather than by macrophages 9 , and RNA-sequencing analysis of macrophages during filarial nematode infection showed that there was an absence of IL-10 expression in M2 macrophages 62 . It is probable that in the absence of additional signals, such as TLR ligands or type I interferons 71 , helminth-induced M2 macrophages do not secrete substantial quantities of IL-10. These findings are consistent with the proposed wound-healing macrophage phenotype 72 and indicate that the majority of macrophages that are induced during these nematode infections may be distinct from the regulatory macrophages that secrete IL-10. Nonetheless, helminthinduced M2 macrophages are fundamentally non-inflammatory; they mediate the IL-4Rα-dependent suppression of all proinflammatory mediators 62 , in addition to the production of the pro-repair molecules discussed above.
Taken together, these recent studies show that type 2 immunity mediates tissue repair both by limiting inflammation and by directly activating mediators that facilitate wound healing. Thus, as helminths migrate through vital tissues, sometimes causing extensive tissue damage, the potent type 2 immune response that is rapidly evoked by the infection will enhance tolerance to these large multicellular organisms by inducing wound-healing mechanisms that include the suppression of the inflammatory response.
Helminths and disease Helminths regulate inflammatory disease. The potent anti-inflammatory and direct wound-healing pathways that are induced by helminths might greatly affect the overall immune function. The constant presence of helminths probably promotes a homeostatic set point where immunoregulatory mediators, such as IL-10 and arginase 1, are elevated and are therefore available to control harmful inflammatory responses that might otherwise result in disease (FIG. 2) . Indeed, the marked reduction in helminth infections in industrialized countries has been causally linked with the rapid rise in the incidence of many inflammatory diseases; this is hypothesized to be due to a loss of immunoregulatory and wound-healing activity. Consistent with this model, the severity of several inflammatory diseases, including inflammatory bowel disease and type 1 diabetes, is considerably reduced in different experimental models of helminth infection 18, 73 . As a result, much effort has Figure 2 | The role of the immune system in homeostasis. Homeostasis is influenced by the diversity of pathogens that infect host populations during the course of evolution. In the case of vertebrates, frequent exposure to parasites and microorganisms induces regulatory mechanisms, including regulatory T (T Reg ) cells, which control potentially harmful inflammatory effects (not shown). The absence of these pathogens in the host might result in a dysregulated immune system. In the case of harmful type 1 and type 17 inflammation, autoimmune diseases and metabolic disorders might result. Type 2 inflammation has a particularly important role in preventing the development of these disorders by promoting homeostasis. Conversely, harmful type 2 inflammation might result in the development of fibrosis and allergy. An environment that includes exposure to chronic infections or, perhaps, therapeutic surrogates could therefore promote homeostasis. Allergens seem to be capable of inducing type 2 immunity in the absence of the regulatory networks that are associated with helminth infection, thereby exacerbating the harmful effects of type 2 immunity. In addition, in many cases, the same cell lineages participate in both type 1 and type 2 immune responses but have different activation states. Representative examples are shown. IFNγ, interferon-γ; IL, interleukin; ILC2, group 2 innate lymphoid cell; T H , T helper. been made to understand helminth-induced immunoregulation, with the aim of therapeutically harnessing these mechanisms of regulation in the future.
The results so far indicate that the immunomodulatory effects of live helminth infections are superior to those of helminthderived products. The large structure of a living mobile parasite might be necessary to induce multiple regulatory pathways, particularly those that are associated with suppressing injury-induced inflammatory tissue damage. Indeed, multiple independent regulatory pathways are induced during helminth infection and all of these pathways have been implicated in the downregulation of harmful type 1 inflammation 74 . Although these mechanisms often work together to suppress tissuedamaging inflammation, recent studies have suggested that helminth-induced IL-10 and TGFβ work independently of conventional T H 2 cells and forkhead box P3 (FOXP3) + regulatory T cells in controlling inflammation and disease severity in non-obese diabetic (NOD) mice 75, 76 . This multicomponent response, which has built-in redundancy, might partly be an explanation for the robustness of the helminth-induced immune response in controlling tissue damage in numerous harmful inflammatory diseases.
Persistent type 2 immunity promotes fibrosis. As described above, type 2 cytokines maintain host fitness during helminth infection by downregulating inflammation, by promoting wound healing and by reducing parasite numbers. However, helminth infection is often chronic with a persistent production of type 2 cytokines. If type 2 immunity itself is not appropriately regulated, it can become pathogenic and can contribute to the development of lethal fibrotic pathology, which results from overzealous or persistent woundhealing responses 47, 77 . In schistosomiasis, hepatic fibrosis leads to the development of portal hypertension, which induces the formation of gastric and oesophageal varices that are prone to rupture 78 . Indeed, the development of fibrosis and portal hypertension are the major causes of morbidity and mortality in chronic schistosomiasis. Whereas IL-4 was identified as the principal inducer of the protective type 2 response during acute S. mansoni infection 59 , IL-13 was identified as the key driver of hepatic fibrosis in mice chronically infected with S. mansoni 77, 79 . In mice, the progression of hepatic fibrosis in schistosomiasis correlates with the intensity of the IL-13 response 80 , and immunological interventions that selectively impair IL-13 activity have been shown to reduce collagen deposition and to improve survival, as long as IL-4 production is preserved 77 . Thus, type 2 cytokines have both protective and pathogenic activity in chronic schistosome infections, and each infection outcome is directly linked with either beneficial or aberrant wound-healing responses.
Helminth-induced responses control allergy.
The need to prevent the consequences of uncontrolled type 2, as well as type 1, immune responses might partly explain the counter-intuitive observation that helminth infection attenuates the harmful type 2 immune responses that are associated with allergy in experimental models 81 . This is consistent with epidemiological observations that indicate that the incidence of allergy is reduced in helminth-infected individuals 2, 18 . The findings from both experimental and clinical trials are consistent with a model in which the absence of chronic parasite infections can result in dysregulated immune responses to allergens. However, these data are not consistent with alternative models that suggest that allergic responses might be beneficial because they elicit adverse responses to potentially noxious substances, thereby stimulating avoidance behaviour 3 . This immunosuppressive effect of helminth infection on allergic responses might be a consequence of evasion mechanisms that have evolved in the parasite that enhance parasite survival not only by impairing type 2 immunity but also by protecting the host from damage caused by overzealous repair. IL-10 -which can be produced by effector T cells, FOXP3
+ regulatory T cells, T regulatory type 1 cells and various innate immune cell populations following helminth infection -might be a particularly potent regulator of harmful type 2 immune responses. In addition, a recent study has suggested that basophil-derived IL-4 converts inflammatory monocytes into M2 macrophages that suppress allergic inflammation 82 . Arginase 1 and RELMα that are produced by M2 macrophages, as well as the IL-13 decoy receptor, are potent negative regulators of type 2 immune responses 12, [83] [84] [85] . These helminth-induced regulators of type 2 immunity might therefore control overzealous wound healing and type 2 allergic responses; this would provide a possible explanation for the increase in severe allergic responses that has been observed in industrialized countries. If this hypothesis is correct, it will be important in future studies to elucidate the mechanisms that preferentially induce regulatory molecules during the type 2 immune response to helminths; these mechanisms could then be used to control harmful type 2 inflammation and to promote tissue repair.
Conclusions
In our model, the co-evolution of vertebrates and helminths had a crucial role in shaping a progenitor innate wound-healing response into a host-protective innate and adaptive type 2 immune response that is directed towards metazoan parasites (FIG. 3) . Components of the response might also be induced by enzymes, particulates and certain toxins, many of which mimic components or The adaptive type 2 immune response might have originally evolved from a progenitor woundhealing response, with the development of specific adaptations promoting tolerance and resistance during helminth-vertebrate co-evolution. a | After the evolution of adaptive immunity, these innate wound-healing pathways started to be controlled by T helper 2 (T H 2) cells, which direct and enhance the responses to specific antigens. b | During a type 2 immune response, damaging inflammation is kept to a minimum through reduced chemokine expression and the local proliferation of macrophages rather than through the recruitment of inflammatory monocytes and neutrophils 92 . If monocyte recruitment does occur, as would be the case in a gut-dwelling helminth infection, then the presence of interleukin-4 (IL-4) or IL-13 facilitates monocyte conversion to M2 macrophages (also known as alternatively activated macrophages). ILC2s, group 2 innate lymphoid cells.
characteristics of helminths and other macroparasites, and each of which elicits type 2 immunity partly through cell and tissue damage. The overall response manifests itself by directly reducing worm burden, by controlling harmful inflammation and by enhancing wound healing. The response needs to rapidly mature to enhance the repair of damaged vital organs, to limit the entry of macroparasites and to promote their expulsion in sensitized individuals at the earliest stages of infection. Rapid tissue repair is vital to survival as it prevents the invasion of bacteria and other pathogenic organisms that could quickly lead to the development of sepsis. The type 2 immune response has multiple components, with individual effector mechanisms tailored to enhance protective immunity against specific species of helminths and other macroparasites. None of these effector mechanisms is currently well understood compared with components of the type 1 immune response but, in the future, these mechanisms could be individually targeted by vaccines that promote tolerance and/or the expulsion of helminth parasites.
Several questions emerge from this perspective. It is clear that type 2 immune response-driven wound repair is not restricted to helminth infection. Indeed, signal tranducer and activator of transcription 6 (STAT6)-deficient mice, which lack effector type 2 immune responses, repair punch biopsy wounds more slowly than STAT6-sufficient mice, which provides evidence that T H 2 cell-associated cytokines can accelerate wound healing independently of helminth infection 86 . So, which factors are induced by type 2 immunity that augment tissue repair? From a therapeutic perspective, are there components of the helminthinduced type 2 immune response that could be used to directly promote wound healing or tissue repair in chronic unresolved wounds, such as pressure ulcers or diabetic ulcers? What are the roles of basophils, ILC2s and other innate lymphocytes in the earliest stages of wound repair? In addition, does IgE accelerate or regulate the repair response through receptor expression on mast cells, basophils, dendritic cells and eosinophils?
We propose that adaptive responses to helminths evolved to regulate the wound repair machinery, but are other important homeostatic functions also disrupted by helminth infection? Does this help to explain the recent data showing that type 2 immune responses are important in regulating body temperature 16 and host metabolism 87 ? In this context it is fascinating to consider the studies in Soay sheep, in which an interaction involving three factors contributes to their poor survival over the winter: cold, lack of food and nematode infections 6 . An effective helminth-induced type 2 immune response might promote fitness by promoting adaptation to cold, energy storage and wound repair, as well as by limiting parasite numbers. Finally, as overzealous woundhealing responses can lead to harmful type 2 inflammation, including fibrosis, can helminth-derived products that have evolved to control type 2 responses be used for therapeutic benefit?
